The subclass specificities of antiviral immunoglobulin G (IgG) produced in response to herpes simplex and varicella-zoster virus infections were investigated. IgGl and IgG3 with anti-herpes simplex virus activity were seen in patients with primary and reactivated disease, as well as in healthy seropositive subjects and in immunoglobulin preparations. IgG4 was occasionally seen alone or together with IgGl and IgG3 in patients. In varicella, IgG3-specific antiviral antibodies were predominant, whereas in zoster, IgG1 was the dominant subclass. holm, Sweden), and zoster immunoglobulin was from the National Bacteriological Laboratory (Stockholm, Sweden).
The subclass specificities of antiviral immunoglobulin G (IgG) produced in response to herpes simplex and varicella-zoster virus infections were investigated. IgGl and IgG3 with anti-herpes simplex virus activity were seen in patients with primary and reactivated disease, as well as in healthy seropositive subjects and in immunoglobulin preparations. IgG4 was occasionally seen alone or together with IgGl and IgG3 in patients. In varicella, IgG3-specific antiviral antibodies were predominant, whereas in zoster, IgG1 was the dominant subclass.
Four subclasses of human immunoglobulin G (IgG) are known. These are termed IgGl (60.9%), IgG2 (29.6%), IgG3 (5.3%), and IgG4 (4.2%) (11; for a review, see reference 18) . The subclasses differ in the heavy chains of the IgG molecule, in electrophoretic mobility, and in reactivity with staphylococcal protein A, as well as in biological functions, such as complement fixation and binding to mononuclear cells. A subclass-restricted response to bacterial antigens has been demonstrated (12, 14, 15) , but very little is known about the subclasses that react in viral infections.
With protein A fractionation, Beck (1) found antibody activity (as measured by hemagglutination or neutralization) to rubella, polio virus types 1-3, and herpes simplex type 1 (HSV-1) predominantly in IgG3, but only one serum was studied for each viral antibody. IgG subclasses differing in their electrophoretic mobilities were described by Leonard et al. (6) , who studied the IgG response in primary and reactivated varicella-zoster virus (VZV) infections by using neutralization tests.
With monoclonal antibodies to different subclasses of human IgG (8) , an enzyme-linked immunosorbent assay (ELISA) has been developed for subclass IgG antiviral antibody (7) . In the present study, we employed this subclass-specific ELISA to demonstrate the specific antiviral IgG subclass pattern in serum samples from patients with primary and reactivated infections with HSV or VZV.
MATERIALS holm, Sweden), and zoster immunoglobulin was from the National Bacteriological Laboratory (Stockholm, Sweden).
Antigen preparations. (i) HSV-1 and HSV-2 nuclear antigens. These antigens were prepared as previously described for cytomegalovirus (CMV) antigen (17) . Vero cells in roller bottles were infected with either HSV-1 strain F9004 or HSV-2 strain D64, both propagated in our laboratory. After 48 h, the cells were suspended in 0.4% KCl by shaking, centrifuged, and resuspended in 0.4% KCI with 1% Nonidet P-40 and homogenized in a Dounce homogenizer. The homogenate was layered on a cushion of 0.25 M sucrose in 0.4% KCl and centrifuged at 700 x g for 5 min. The pellet containing nuclei was suspended in 5 ml of 10 mM Tris (pH 7.5)-1.5 mM MgCl2-10 mM KCl, sonicated, and stored at -700C.
(ii) VZV antigen. The method of preparation was described previously (16) . VZV-infected human lung fibroblasts were pelleted by centrifugation, suspended in 0.01 M Tris buffer with 0.15 M NaCl and 0.002 M EDTA (pH 9.0), sonicated at 20 KHz for 5 x 10 s. The cell lysate was clarified by centrifugation, and the supernatant fluid was used as the antigen.
(iii) Antigens for CF. HSV antigen for CF was prepared by suspending HSV-1-infected green monkey kidney cells in distilled water. After ultrasonication (at 20 KHz for 30 s), the suspension was clarified by low-speed centrifugation. The supernatant fluid constituted the antigen. Varicellainfected human lung fibroblast cells were harvested in saline, frozen and thawed, and sonicated.
(iv) Control antigens. Control antigens were prepared from uninfected human lung fibroblast or green monkey kidney cells treated in the same way as described for nuclear or CF antigens.
Monoclonal antibodies. Monoclonal antibodies (Seward Laboratory, London, England) directed to human IgG subclasses 1-4 were used at dilutions of 1:100 (IgGl, clone BAM 9), 1:400 (IgG2, clone BAM 10), 1:1,600 (IgG3, clone BAM 8), and 1:800 (IgG4, clone BAM 11). Standardization of the test was performed as previously described for CMV (7) .
Treatment of sera with protein A. Sera were adsorbed by mixing 100 ,ul of serum with 400 ,ul of 20% suspension of protein A-Sepharose CL-4B (Pharmacia Fine Chemicals, Uppsala, Sweden). After 10 min at room temperature, the mixture was centrifuged, and the supernatant fluid was used. IgGl, IgG2, and IgG4 are absorbed by protein A (5). ELISA. (i) Assay conditions. Coating of microplates (NuncImmunoplate I; Nunc, Aarhus, Denmark) was performed at room temperature overnight with 100-,ul volumes of antigen. The plates were then stored at 4°C. Before use they were washed three times with saline containing 0.05% Tween 20. Buffers were 0.05 M sodium carbonate (pH 9.5) for dilution of coating antigens or antibodies; phosphate-buffered saline without Ca2+ or Mg2+ (pH 7.4) with 0.05% Tween 20 and 0.5% bovine serum albumin for dilution of antisera, subclass-specific monoclonal antisera, or conjugates; and phosphate citrate buffer (pH 5.0) for dilution of the substrate ortho-phenylenediamine.
(ii) IgG viral antibody assays. IgG viral antibody assays were performed as described previously (16, 17) .
(iii) IgG subclass-specific antibody assay. Microplates coated with VZV or HSV antigen were incubated with 100 ,ul of patient serum diluted 10-fold (10-1, 10-2, 10-3, and 10-4) for 2 h at 37°C. After being washed, the subclass-specific monoclonal antisera diluted as described above were added and incubated for 105 min at 37°C. The plates were washed, and 100 ,ul of peroxidase-conjugated rabbit anti-mouse IgG diluted 1:800 (Dakopatts, Copenhagen, Denmark) was added. After 105 min of incubation, the plates were washed, and the substrate ortho-phenylenediamine was added. After 60 min at room temperature, the reaction was terminated with 2 M H2SO4, and the absorbance at 450 nm (A450) was measured in a Titertek Multiscan (Flow Laboratories, Irvine, Scotland).
RESULTS
Reactivity of HSV and VZV antibody-negative serum samples in subclass-specific ELISA. Ten sera, negative for HSV antibodies in CF and IgG ELISA, all had A450 values below 0.25 in a serum dilution of 1:10 when assayed in the subclassspecific ELISA. The background levels were calculated as described for IgG subclasses to CMV (7). . These sera were also tested for subclasses to HSV antigen; one had no antibodies to HSV, one had measurable antibodies of subclasses IgGl, IgG3, and IgG4, and one had predominantly IgG4 HSV antibodies.
Subclass-specific antibodies against HSV and VZV in seropositive samples. In serum samples from healthy persons known to have IgG antibodies to HSV (n = 10) and VZV (n = 10), the distribution of different IgG subclasses was studied. All had IgGl antibodies directed against HSV (Fig.  1) , although the levels varied among individuals. None had detectable IgG2 to HSV. A simultaneous occurrence of IgGl, IgG3, and IgG4 was seen in five patients when they were assayed for HSV antibodies. In addition, one person (no. 1) had a high level of IgG4 antibodies against HSV but low or nondetectable antibodies against HSV of other subclasses.
Ten out of ten sera also contained IgGl antibodies against VZV. The amounts of VZV-specific IgG2 and IgG3 were low. Two samples contained high amounts of IgG4 antibodies (Fig. 1) .
In commercial gamma globulin and zoster immunoglobulin, HSV antibody activities were seen in IgGl and IgG3; VZV antibody activity was mainly in IgGl.
Subclass-specific antiviral IgG in sera treated with protein A. Decreased total antiviral IgG titers were seen when sera were assayed in HSV ELISA IgG after absorption with protein A. Absorption of a selected convalescent-phase serum with protein A reduced the levels of IgGl antibodies as measured in the HSV subclass-specific ELISA, whereas the level of virus-specific IgG3 remained unaltered.
Subclass-specific antiviral IgG in primary and reactivated disease. In convalescent-phase sera from patients with primary HSV infections, IgG3 was the predominant subclass containing virus-specific antibody activity (Fig. 2) . In addition, all had IgGl, one had barely measurable IgG2, but none had IgG4 virus-specific antibodies. Sera collected during an extended period from five additional patients with primary HSV infections were studied. Four of the patients showed the IgGl and IgG3 subclass distribution described above for
IgG3
IgG4 primary HSV infections. This commonly seen subclass pattern is illustrated by patient Wi (Fig. 3) . The IgGl peak was found in a serum taken 13 weeks after onset of illness; IgG3 was elevated from 3 weeks up to 41 weeks. After recurrences of cold sores at 19 and 23 weeks, no significant titer rise was seen by CF or total IgG ELISA. The levels of IgG4 were, however, increased considerably after these recurrences.
Patient W-B, a pregnant woman with a genital infection, had a predominance of IgG4, both initially and during the follow-up period (Fig. 3) . This patient had CF titers to HSV in only one serum, obtained 4 weeks after onset of illness (4). IgG4 was the predominant subclass to VZV also.
The subclass pattern was compared in convalescent-phase sera from patients with varicella or zoster (Fig. 2) . The patients with varicella had higher levels of IgG3, whereas those with zoster had higher levels of IgGl. Both patients with current varicella or zoster had higher IgG3 levels to VZV than did healthy persons (Fig. 1) . Figure 4 shows the VZV IgG subclasses in acute-and convalescent-phase sera from one patient with varicella and another patient with zoster. Dilution curves illustrate the rapid increase of virusspecific IgGl and IgG3 in primary disease and of IgGl in reactivated disease.
In both HSV and VZV infections, IgG2 levels were low. IgG4 levels seemed to occur occasionally in individuals and were not correlated with whether the infection was primary or reactivated.
DISCUSSION
The distribution of the virus-specific antibodies among the four IgG subclasses was studied in patients with primary and recurrent infections of HSV and VZV. With the monoclonal antibody to IgGl available when this assay was first developed for CMV, the sensitivity for IgGl detection was not as high as that for the other subclasses (7). We, therefore, used the assay to study the relative occurrence of IgG subclasses to HSV and VZV and the changes during and after infection. Most patients had antibodies to HSV and VZV of subclasses IgGl and IgG3. In serial follow-up studies, IgG3 was seen to appear first, followed by IgGI. This was similar for primary HSV and varicella infections. In zoster, IgGl was the predominant subclass, in keeping with the finding in zoster immunoglobulin. HSV-and VZV-specific IgG4 occurred occasionally and sometimes was the only detectable subclass. IgG2 had low reactivity with HSV or VZV. We cannot, however, rule out the possibility that some viral antigens (9) with which IgG2 may react were lacking in our preparations.
Beck (1) found anti-HSV activity in the IgG3 fraction as determined in a neutralization test. These findings differ from those obtained by Ratner et al. (13) , who showed a decreased neutralizing activity to HSV in sera after protein A treatment. In our assay, virus-specific IgGl, IgG3, and IgG4 antibodies could be detected in sera from healthy persons known to have IgG anti-HSV. In convalescent sera obtained 2 to The common occurrence of both IgGl and IgG3 with antiherpes reactivity could explain why Beck found antiviral IgG3 (1), whereas Ratner et al. (13) found antiherpes activity in sera without IgG3. The differences in neutralizing capacity may be due to differences in methodology or to the choice of sera used in their tests.
IgG3 constitutes about 5% of the total IgG (11). It is noteworthy that this subclass appeared to be the first to react with HSV and VZV antigens in primary infections. A similar pattern, with detection of IgG3 to CMV in sera taken early during convalescence, was noted regularly (7) . A subclass restriction of the IgG response, with IgGl and IgG3, has been noted recently for hepatitis B surface antigen (10). The different functional properties of IgG subclasses may confer important differences in the ability of the patient to suppress the viral infection.
In viral serology, certain precautions must be taken due to the restricted antiviral response. The use of protein A labeled with 1251 or enzymes as an antiimmunoglobulin for detection of antibodies to HSV (2) 
